One contribution of 13 to a theme issue 'Evolutionary causes and consequences of recombination rate variation in sexual organisms'. In species with genetic sex-determination, the chromosomes carrying the sex-determining genes have often evolved non-recombining regions and subsequently evolved the full set of characteristics denoted by the term 'sex chromosomes'. These include size differences, creating chromosomal heteromorphism, and loss of gene functions from one member of the chromosome pair. Such characteristics and changes have been widely reviewed, and underlie molecular genetic approaches that can detect sex chromosome regions. This review deals mainly with the evolution of new non-recombining regions, focusing on how certain evolutionary situations select for suppressed recombination (rather than the proximate mechanisms causing suppressed recombination between sex chromosomes). Particularly important is the likely involvement of sexually antagonistic polymorphisms in genome regions closely linked to sex-determining loci. These may be responsible for the evolutionary strata of sex chromosomes that have repeatedly formed by recombination suppression evolving across large genome regions. More studies of recently evolved non-recombining sex-determining regions should help to test this hypothesis empirically, and may provide evidence about whether other situations can sometimes lead to sex-linked regions evolving. Similarities with other non-recombining genome regions are discussed briefly, to illustrate common features of the different cases, though no general properties apply to all of them.
Introduction: non-recombining regions and sex chromosomes
Non-recombining regions of chromosomes have evolved many times, and theoretical models have shown that natural selection often favours low recombination rates, especially when gene interactions favour specific allele combinations of alleles maintained in populations. Lower survival or fertility of recombinants then favours closer linkage between the genes. Given heritable recombination rate differences, a response to selection may occur. Great efforts have therefore been devoted to understanding why recombination rates differ between different genome regions. Studying situations that are repeated in different organisms should be helpful. For example, the low-recombination centromeric regions of many organisms [1, 2] may reflect selection to avoid recombination changing the numbers of functionally important repeats, or non-selected processes may have permitted chromatin states to evolve that resulted in low recombination rates [3] . Gene interactions of the kind just mentioned are probably not involved. Sex chromosomes' non-recombining regions are, however, of special interest because gene interactions of the kind predicted to generate selection for suppressed recombination are likely to be involved in the evolution of separate sexes, and can potentially be studied empirically to test the assumptions of the models involved. Recombination has clearly repeatedly become suppressed between sex chromosomes, as it is firmly established that, in many cases, including the very well-studied genus Drosophila, that they evolved from formerly recombining 2. Do chromosomes carrying sex-determining genes evolve suppressed recombination more frequently than other chromosomes?
Sex chromosomes in the organisms just mentioned are very familiar, and biologists often take it for granted that suppressed recombination between chromosomes carrying sex-determining loci must inevitably evolve. However, it is not certain that chromosomes that carry sex-determining genes evolve suppressed recombination regions more frequently than other chromosomes. Systems with a single sex-determining gene are known (see §4 below), and some systems have not evolved extensive sex-linked regions [9] . Such sex-determining regions should be distinguished from one another, and from non-recombining, sex-chromosome-like regions that include multiple genes.
To infer the evolution of fully sex-linked regions, it is necessary to make comparisons with species that have retained the ancestral state. Dioecious species of flowering plants whose individuals are genetically male or female are excellent for such comparisons, because dioecy is often a recently derived state. Plants with separate sexes have evolved many times from ancestors that either had hermaphroditic flowers, or were monoecious (with male and female flowers produced by all individuals, and no genetic control of individuals' sex phenotypes). One can therefore potentially compare recombination rates for homologous chromosomes [10] . Other taxa where relevant comparisons may be possible are found among fish and lizards, where the chromosome involved in sex determination has changed over evolutionary time, and recombination can be studied for currently sex-determining chromosomes [11, 12] .
Estimating and comparing genetic maps between species is laborious. However, if a heteromorphic chromosome pair is observed in one sex, this chromosome is probably non-recombining in that sex. Heteromorphism of a formerly homomorphic chromosome pair (not heteromorphic in related species) may evolve after a suppressed recombination region evolves, including through chromosomal changes including deletions or pericentric inversions; translocations between sex chromosomes and autosomes (including fusions between acrocentric chromosomes) can also create heteromorphism, by expanding a Y or a W chromosome's physical size [13, 14] . Heteromorphism also evolves when repetitive sequences such as transposable element insertions accumulate. This is expected in non-recombining sex chromosomes or sex-linked regions, whereas insertions are disfavoured in recombining genome regions because they cause chromosome rearrangements [15] . TE accumulation can potentially detectably increase sex chromosome sizes [16] , and create heterochromatic regions.
Suppressed recombination also reduces the efficacy of purifying selection, permitting an increase in deleterious substitutions in genes on Y and W chromosomes [17] [18] [19] [20] , including loss of function mutations, or deletion of entire genes from Y and W chromosomes (reviewed in [21] ). After a non-recombining region has lost many genes, it may tolerate deletions reducing its physical size. There may thus be no overall consistent long-term trend in size, and bird W chromosome size changes indeed show both increases and decreases [22] .
However, homomorphic sex chromosome pairs may also include non-recombining regions, often detectable only by refined cytogenetics, including banding methods that may show heterochromatin accumulation on a chromosome present only in one sex. Today, cytogenetic approaches are being supplemented by genome sequencing (see table 1 below).
Old and young sex-linked systems in different organisms, evolutionary strata
High-throughput sequencing can now potentially be used to detect sex-linked regions (e.g. [27] ), and this promises to uncover many more cases where non-recombining regions exist, including in species where no heteromorphism is cytologically detectable. Such data should refine our understanding of the evolutionary changes that have led to suppressed recombination. It is therefore helpful to distinguish between young sex chromosome systems and those with the well-developed properties familiar from mammals, birds and Drosophila. Table 1 categorizes systems according to the development of these properties, and shows how different properties can be used to detect sex-determining regions. Systems at different evolutionary stages are so different that use of the term 'sex chromosomes' for all of them can be confusing. For instance, analyses of whole genome sequences can potentially detect a region where coverage in males is half that in females, even if a Y-linked region is physically small and includes few genes. However, a coverage difference is expected only if recombination stopped long enough ago for Y-(or W-) linked genes to have become deleted or diverged in sequence at multiple sites, so that they are not recognized as alleles of X-(or Z-) linked genes when assembling the genome. Also regions with few genes lose genes more slowly than large regions. Coverage differences alone may therefore fail to identify fully sex-linked regions in species with recently evolved sex chromosomes whose Y (or W) still carries many genes, such as the plant Silene latifolia [28] , though a possible signal is detectable in the part of the threespine stickleback Y that stopped recombining most recently [29] .
Sequence data also provide estimates of the time of recombination suppression, when Y-(or W-) linked sequences start to substitute variants independently of their X-or Z-linked alleles. Sequence divergence results show that, in the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160456 mammalian X and Y pair, regions furthest from the X chromosome PAR stopped recombining first, and regions nearer the PAR much more recently [5] . Such 'evolutionary strata', indicating repeated recombination suppression events, are also seen in birds [30] , snakes [31, 32] , the plants Silene latifolia [28] and Carica papaya [33] , and threespine sticklebacks [34] . More such analyses will illuminate the relationship between properties such as genetic degeneration and the systems' ages.
The ultimate cause of suppressed recombination
Two situations involving sexually antagonistic gene interactions that could select for suppressed recombination are likely to arise during the evolution of sex-linked regions.
For simplicity, I outline the case of male heterogamety, where the 'SEX' locus is male-specific due to Y-linkage, and is often termed the MSY region. When a new sex-determining 'SEX' locus evolves, closely linked sexually antagonistic (SA) mutations that are advantageous in males, but disadvantageous in females, may establish polymorphisms that generate selection for closer linkage to the male-determining locus (figure 1). Unless sex-specific expression of the SA mutation evolves, enlarged SEX regions may thus evolve if sufficient time elapses without the SEX locus being replaced by a new one [9] . Some old-established systems have indeed retained large PARs. It has been suggested that Paleognathous birds' [35] failure to evolve new evolutionary strata might be explained by sex-specific expression [26] . However, it is unclear why sex-specific expression evolves so fast in these species that recombination modifiers do not also respond to the selective situation, while other species have evolved suppressed recombination. Table 1 . Stages in the evolution of sex-linked regions and sex chromosomes, with approaches that can be used to detect them. For each stage, the approaches listed for earlier stages can also be helpful and are therefore not repeated (for example, discovering sex-linked genes that are not the sex-determining genes, e.g. visible colour markers, tells one that a sex-linked region exists). The table uses the case of male heterogamety, but the same basic stages can also be found in ZW systems. [11] (b) [24] (c) [25] with the X-linked gene (or similar differences in ZW systems) [26] rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160456 (a) De novo evolution of separate sexes from a functionally hermaphroditic ancestor
When a non-dioecious species evolves separate sexes from hermaphroditism (or from environmental sex-determination), at least two mutations are required to generate genetic males and females [36] . Under biologically plausible conditions, male-sterility (female-producing) mutations can invade populations of hermaphrodites, creating populations polymorphic for females alongside bisexual individuals (called gynodioecy).
Although cytoplasmic male-sterility is often involved in plants (reviewed in [37] ), many nuclear genes can generate male-sterility mutations [38, 39] , and nuclear femaleness polymorphisms are known in some plant populations [37, 40, 41] . In such gynodioecious populations, female-sterility mutations (producing males) may be favoured if they increase male function compared with the ancestral hermaphrodites [36] . However, expression of both male-and female-sterility mutations by the same individual is disadvantageous, so maleness mutations are sexually antagonistic unless expression is male-specific, and the same applies to mutations that increase maleness, if there are trade-offs exist between male and female functions. Moreover, new sex-specific mutations appear to be rare, even in organisms with long established separate sexes, such as Drosophila [42] . Male-producing and maleness-enhancing mutations are therefore most likely to invade gynodioecious populations if they are closely linked to the male-sterility gene; consequently, polymorphic male-and female-determining genes should cluster within a single chromosome region, and selection will favour closer linkage between them [43] , potentially creating a fully sex-linked region genetically equivalent to a single-gene sex determination system.
However, evolution of suppressed recombination is not inevitable. If sex-limited maleness mutations do occur, they can create true single-gene sex-determination, as they can spread throughout populations, regardless of their genomic location, and should not establish polymorphisms linked to the SEX locus, or generate selection for closer linkage with it [36] . Alternatively, a completely dominant maleness mutation instantly creates a male-limited SEX locus; such a mutation may be involved in the persimmon Diospyros lotus, in the plant family Ebenaceae [44] .
Finally, two mutations in the same gene could potentially produce males and females, generating a single-gene sexdetermining locus and close linkage without selection for reduced recombination, though no such gene is currently known. Distinguishing between single-gene sex-determination, versus closely linked male-and female-determining genes, is difficult. However, genetic evidence in several plants with physically small sex-determining regions [45, 46] , suggests that two genes must be involved, because three gender phenotypes (males, females and hermaphrodites) are controlled by a single genetic locus [6] .
(b) Turnover events
New SEX genes can also arise by 'turnover events' that replace a sex-determining locus by a different one (reviewed in [9] heteromorphic sex chromosomes [11] . Turnovers are also less likely if the region includes sexually antagonistic genes essential for the heterogametic sex, although replacement of sex-determining genes by new ones can be promoted by genetic degeneration, under certain conditions of weak, but not very weak, selection [47] . The mutation in persimmon (mentioned above) could reflect a turnover event, rather than de novo evolution of maleness.
(c) Evidence for sexually antagonistic polymorphism
The sexually antagonistic polymorphism hypothesis for the evolution of sex-linked regions is difficult to test. SA variation is plausible and is supported by quantitative genetic data (reviewed in [48] ). However, much SA genetic variation may be irrelevant for selection affecting recombination rates, because SA polymorphisms creating selection for linkage to sex-determining loci generally require strong selective differences between alleles, while (other things being equal) weakly selected SA mutations are more readily fixed, unless they are extremely closely linked to the SEX locus [49, 50] . The existence of loci under strong SA selection is suggested by the recent discovery of a relationship between sex differences in expression and in allele frequencies at human autosomal genes [51] .
Observing enrichment of SA polymorphisms in genome regions close to SEX loci would lend support to the SA polymorphism hypothesis for recombination suppression. This could not be examined in the human study just outlined, because processes other than SA can cause sex differences in allele frequencies at sex linked loci, restricting the analysis to autosomes. Such a situation has, however, long been known in the guppy, Poecilia reticulata, a fish whose conspicuous male coloration is sexually antagonistic, conferring an advantage to males during mating, despite being disadvantageous though increased predation. Genetic factors controlling male coloration in natural populations show a remarkable distribution in the guppy genome (reviewed in [52] ). The partially sex-linked region(s) of guppy chromosome 12, on which the guppy SEX gene is located [53] , are strikingly enriched for these factors, carrying twice as many such genes as the autosomes (reviewed in [52, 54] ), although LG12 represents only at most 6% of the genome [55] . As explained above, sex-specific mutations can become fixed regardless of their genomic location, and should therefore be distributed across many different genome regions. The over-representation of these factors in the guppy PAR(s), and the probable rarity of sexspecific mutations (see above, though more studies are needed), argue that they probably did not arise as sex-specific mutations, but that they initially had deleterious effects in females. If so, then, before male-limited expression evolved, resolving the conflict, reduced recombination between these loci and the guppy MSY would also have been favoured. Male guppies from natural high-predation populations in the Aripo river showed strict Y linkage and paternal inheritance of one coloration factor (Sb) more often than males from low-predation regions of the same river [56] , suggesting that recombination rates have indeed changed.
Although the guppy X and Y chromosomes are small [57, 58] , about half the 47 coloration traits studied show fatherto-son transmission, implying complete Y-linkage. These factors could represent mutations in genes that were already fully Y-linked when they arose (allowing SA mutations to increase in frequency in populations without counter-selection in females). The number of genes in the guppy MSY region within which multiple coloration mutations might have arisen is not yet known, though a heterochromatic region is cytologically detectable [57] . The chromosome carries more than 900 protein-coding genes [55] , and an MSY region of 3 Mb, has been inferred [59] , perhaps representing approximately 100 genes. Alternatively, Y-linkage could be an evolved situation, and these factors may formerly have been partially sex linked SA polymorphisms. If different coloration factors evolved in different low-predation populations, followed by evolution of close linkage, MSY regions might differ between populations, as has indeed been inferred [59] .
Hybrids between populations with different male traits can help to test whether male traits were formerly expressed in both sexes [60] . If hybrid females express male traits, the populations must have fixed different modifiers suppressing expression in females. However, absence of this clear signal is not decisive, because male-specificity may have evolved within different populations through dominant cis-regulatory changes; foreign population coloration alleles inherited from a male parent might then remain unexpressed in hybrid females.
Proximate mechanisms of recombination suppression between sex chromosomes
So far, I have concentrated on the selective forces that may be responsible for suppressed recombination, and on suppression specifically between the sex chromosome pair. The SA selection described above can promote any mechanism that reduces recombination. One mechanism for recombination suppression after separate sexes have evolved is sex-specific achiasmy, suppressing recombination genome-wide in one sex; for example, in Drosophila, chromosomes do not recombine in males, and in Lepidoptera females do not undergo crossing over (reviewed in [43] ). However, this may not have evolved through selection for linkage to a SEX locus.
Suppression specific to the SEX region could involve either systems that control the locations of crossover events, or chromosome rearrangements, such as inversions (e.g. [33, 61] ). Inversions such as those in the human Y chromosome may, however, be consequences, not causes, of recombination suppression (reviewed in [62] ), because recombination suppression allows rearrangements to occur more freely than formerly, since it prevents the generation of deleterious duplications and deletions that are caused when crossover events occur (reviewed in [15] ). Moreover, rearrangements suppressing recombination often impair fertility of female heterozygotes [63] , requiring a large advantage of restricting recombination.
Translocations between autosomes and sex chromosomes may also create linkage to sex-linked regions. At present, no evidence convincingly demonstrates that they have spread due to selection for such linkages [13, 64] , and other possibilities exist, including meiotic drive favouring either acro-or metacentric chromosomes in female meiosis [65] [66] [67] , or advantages of altering genes' expression near breakpoints [13] . These alternatives cannot explain repeated suppression of recombination specifically between sex chromosome pairs. So far, however, only one study has included information on the numbers of events involving only autosomes, which could occur as often as fusions involving sex chromosomes [68] .
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Moreover, translocations will generally create new recombination-suppressed genome regions of sex chromosomes only near the breakpoints, and perhaps only when autosomal regions are added onto non-recombining regions. Genome sequencing and assembly will add more information about such rearrangements, and their effects, in the future. It will also be interesting to investigate whether non-breakpoint parts of formerly autosomal regions evolve lower recombination. It is already known that autosomal regions added onto PARs sometimes subsequently evolved suppressed recombination, in mammals [69] and the plant Silene latifolia [10] . Future, genome sequencing and assembly should provide more information about these situations.
Some further conclusions and topics for future research
Despite being plausible, the SA polymorphism hypothesis for recombination suppression is not yet well supported. One way to test it is to examine alternative possibilities, to ask if they can be excluded. For example, chromatin structure adjacent to an existing non-recombining region might change to a less recombining state, gradually expanding the region of full sex linkage [70] . Single gene sex-determination systems would not experience such effects, so taxa with frequent turnovers could help test whether recombination suppression subsequently evolves, which would support the SA hypothesis. Another alternative explanation suggested for recombination suppression in sex chromosomes and other genome regions is that it permanently maintains deleterious alleles as heterozygotes (reviewed in [71] ). However, homozygotes are not prevented from forming until after closely linked polymorphisms for deleterious alleles have become common, which indeed requires recombination suppression, but does not explain why this evolved in the first place. However it should not be assumed that interactions must necessarily be involved in selecting for recombination suppression, or that similarities to sex chromosomes [72] imply antagonistic polymorphisms. In the case of fungi with large non-recombining mating type regions, interactions may not be involved. Such species, including Microbotrium violaceum [73] and Neurospora tetrasperma [74] seem mostly to be highly inbreeding, and co-segregation of the mating type alleles with the centromere is crucial for inbreeding to occur, because the mating-type system remains functional [75] . The lack of recombination probably evolved to ensure this co-segregation.
Other loci are thought to have evolved suppressed recombination under selection created by interactions between genes that may, in general terms, resemble those involved in sex chromosome evolution. These include the putative 'supergenes' controlling Batesian mimicry and heterostyly in plants. Like sex chromosomes controlling male versus female traits, these genetic loci control multiple trait differences between morphs that coexist as polymorphisms within single populations-the mimetic colour morphs in the butterflies (reviewed in [76] ), and the two different flower morphologies in distylous plants (reviewed in [77, 78] ). However, it is not yet certain that selection for suppressed recombination was involved in these systems (see the reviews just cited and [79] ).
Genome sequencing can now reveal supergenes, even in non-model species, because one 'morph' in a population or species is more heterozygous in the genome region than in the rest of the genome, suggesting some form of balancing selection maintaining different haplotypes with diverged sequences. Sequencing has revealed non-recombining regions including large regions controlling colour morphs in two birds, the white-throated sparrow [80] and the ruff [81, 82] , and two haplotypes of the fire ant 'social chromosome' determine single-versus multiple-queen colony types [83] . However, neither the maintenance of these polymorphisms is yet fully understood for these, nor the form of interactions that may have selected for suppressed recombination, and these too are interesting questions for future research.
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